Spinal muscular atrophy (SMA) is an autosomal recessive disorder characterized by degeneration of motoneurons and skeletal muscle atrophy. In its most severe form, it leads to death before the age of 2 years. While primary degeneration of motor neurons is well established in this disease, and this results in neurogenic atrophy of skeletal muscle, we have previously reported evidence for a primary muscle defect. In this study, we used primary cultures of embryonic human skeletal muscle cells from patients with SMA and from controls to examine the effects of muscle fiber differentiation in the absence of a nerve component. Cultured SMA skeletal muscle cells are unable to fuse correctly to form multinuclear myotubes, the precursors of the myofibers. We also show that agrin-induced aggregates of nicotinic acetylcholine receptors, one of the earliest steps of neuromuscular junction formation, cannot be visualized by confocal microscopy on cells from SMA patients. In binding experiments, we demonstrate that this lack of clustering is due to defective expression of the nicotinic acetylcholine receptors in the myotubes of SMA patients whereas the affinity of a-bungarotoxin for its receptor remains unchanged regardless of muscle cell type (SMA or control). These observations suggest that muscle cells from SMA patients have intrinsic abnormalities that may affect proper formation of the neuromuscular junction. Keywords: spinal muscular atrophy; myotubes; neuromuscular junction; nicotinic acetylcholine receptors; aggregation; binding Spinal muscular atrophy (SMA) is a neuromuscular disorder characterized by degeneration of spinal motor neurons leading to a muscle weakness and paralysis. SMA is traditionally classified into three types based on the age of onset and the severity of symptoms.
Spinal muscular atrophy (SMA) is a neuromuscular disorder characterized by degeneration of spinal motor neurons leading to a muscle weakness and paralysis. SMA is traditionally classified into three types based on the age of onset and the severity of symptoms. 1 The SMA I or Werdnig-Hoffmann disease is the most severe form. Patients never attain the ability to sit, and their lifespan does not exceed infancy in most cases. SMA II is the intermediate form. Patients are unable to stand or walk unaided, and death usually occurs in adulthood. SMA III or Kugelberg-Welander disease presents a milder phenotype. Patients are able to stand and walk and present a near-normal life expectancy. The gene responsible for all three types of SMA was mapped to the region 5q11.2-13.3 by linkage analysis. [2] [3] [4] [5] This gene, named SMN for 'survival of motor neurons', is mutated in 98% of the SMA patients, and the majority of mutations occur in exon 7. 6 It encodes a ubiquitously expressed SMN protein present in both the cytoplasm and the nucleus. In this last compartment, the SMN protein is concentrated in structures called gems (for 'gemini of coiled bodies') located in the close proximity of Cajal bodies (previously named coiled bodies). 7, 8 The SMN protein participates in the formation of the SMN complex, which is associated with small nuclear ribonucleoproteins (snRNP) in the cytoplasm and plays a crucial role in the spliceosomal snRNP assembly. 9 In the nucleus, the SMN complex participates in the regeneration of spliceosomes. [10] [11] [12] The expression of SMN was studied in several control and SMA tissue and a decrease of SMN protein in fetal spinal cord 13, 14 and in fetal muscle 15 of SMA I patients was demonstrated. A reduction in SMN protein level during postnatal development and a lack of SMN in skeletal muscles of SMA fetuses might be correlated with defects of muscle fibers. These observations suggest that SMA is a prenatal rather than a postnatal disease. 15 The molecular mechanism leading to SMA is still unknown. The SMN protein is ubiquitously expressed and the deficiency in SMN expression is observed not only in motor neurons but also in other tissues from SMA patients. However, why this deficiency has an effect only in the neuromuscular system remains to be elucidated. To study this disease, we have previously used a model of nerve-muscle coculture consisting of human muscle cells innervated by rat embryonic spinal cords explants. 16 Using this system, we demonstrated that SMA could result from a muscular defect and that the motor neuron degeneration is not sufficient to explain the entire SMA phenotype. 17 We highlighted a specific degeneration of myofibers originating from SMA I and II (but not III) patients in the cocultures. 17 We also proved that this degeneration could not be attributed to the production of a toxic factor or to the lack of secretion of a trophic factor, 18 and that the cells responsible for this degeneration were muscle cells. 19 Based on these observations, we hypothesized that myotubes from SMA patients could be innervated and contracted as normal myotubes, but were unable to produce SMN-dependent signal essential for motoneuron survival. 20 This muscular hypothesis was confirmed by the fact that the deletion of SMN exon 7, the most frequently mutated exon in SMA, led to severe muscular dystrophy, proving that skeletal muscle is a target of the SMN gene defect, and confirming our idea that muscle involvement contributes to the motor defect in human SMA disease. 21 More recently, a deletion of SMN exon 7 was directed either to both satellite cells (the muscle progenitor cells) and fused myotubes, or to fused myotubes only. This showed that the intact satellite cells improved the survival and motor performance of mutant mice suggesting a potential of satellite cells to regenerate skeletal muscle. 22 Neuromuscular junctions (NMJs) are highly specialized structures in which nerve and muscle play a fundamental role. 23 Postsynaptic differentiation at the vertebrate neuromuscular junction is characterized by aggregation of numerous proteins. This process depends on instructive signals that are released by the motor axon. For example, aggregation of nicotinic acetylcholine receptors (nAChRs) is induced by agrin, a protein released from the neural synaptic basal lamina. 24, 25 It represents the earliest step of the NMJ installation. When added to cultured myotubes, soluble agrin induces the aggregation of nAChRs in a dose-dependent manner, suggesting that agrin plays a role in postsynaptic differentiation. 26 The combination of agrin on its receptor induces an intracellular signalling cascade that includes tyrosine phosphorylation of the AChR itself and of the muscle-specific receptor tyrosine kinase, MuSK. 27, 28 Both are phosphorylated rapidly after addition of agrin. The interaction of agrin with MuSK results in the activation of the nonreceptor tyrosine kinases Abl-1 and Abl-2, which directly influence the actin cytoskeleton, 29 confirming similarities between AChR aggregation and focal adhesion formation. A recent study demonstrated a role for the soluble guanylyl cyclase in the aggregation of the AChR via local formation of NO. 30 To confirm the involvement of muscle in SMA pathogenesis, we examined whether the earliest steps of the NMJ installation occur normally in myotubes from SMA patients. When cultured in low-serum medium, myoblasts are able to fuse and form multinuclear structures called myotubes, the future myofibers. In this study, we show that myoblasts from SMA I patients fuse abnormally, and that the aggregation of the nAChRs is defective in these cells. We also examine whether this lack of aggregation is due to abnormal clustering itself, or a lack of expression of the nAChR.
Materials and methods

Cell Culture
Human muscle cell cultures were established according to a previously described technique. 31 Briefly, they were based on a dissociated cell suspension prepared from human muscle biopsies, plated onto cover glass slips coated with a solution of collagen diluted 100-fold in a Hanks' balanced saline solution without Ca 2 þ or Mg 2 þ (Gibco, Life technologies, Eragny, France). Cells were grown without nerves on 'aneural medium', consisting of a F14 medium (Gibco), supplemented with 2 mmol/l glutamine (Gibco), 10 mmol/l insulin (Sigma, L'Isles d'Abeau Chesnes, France), 10 ng/ml epidermal growth factor (Tebu, Le Perray-en-Yvelines, France), 12.5 ng/ml basic fibroblast growth factor (Tebu), 10% fetal calf serum (FCS; HyClone, Perbio Brebieres, France) and 1% of an antibiotic-antimycotic mixture (Gibco). On day 0 of the experiment, 10 5 cells were seeded on 35 mm Petri dish, and the following day, the aneural medium was replaced with a fusion medium containing 5% of FCS, which favors the fusion of the myoblasts into multinuclear myotubes. Cultures were maintained at 371C in a 5% CO 2 -95% air incubator.
Biopsies from embryonic origin were obtained from the Banque de Tissus pour la Recherche, Association Française contre les Myopathies, from Dr S Vasseur.
Immunoblotting
Whole cell protein lysates were prepared after washing cells with phosphate-buffered saline and incubating at 41C for 10 min in lysis buffer (Tris pH 8, 20 mM, NaCl 137 mM, Igepal 1%, Glycerol 10%, NaF 50 mM, NaPPi 10 mM, E64, leupeptine, aprotinin, antipaïne, chymostatin). The cells were scrapped and the lysate was centrifuged at 10 000 g for 10 min at 41C. The protein concentrations were determined using the BCA protein assay kit. Protein samples (10 mg each) were separated by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane and incubated with antibodies. The secondary antibodies were coupled to HRP to allow the ECL detection (Amersham Biosciences, Saclay, France). Antibodies were used at the following dilutions: anti-actin (1:20000), anti-myosin (1:5000), anti-MuSk (1:5000), anti-GAPDH (1:50 000).
Fusion Index
Each day within 6 days after cells seeding, three dishes of three different donors were randomly stained with the May-Grü nwald-Giemsa stain and myogenic cells nuclei of 10 randomly chosen fields were counted under a contrast phase microscope. The fusion index is defined as the percentage of myogenic cell nuclei present in myotubes compared with the total number of myogenic cells nuclei present in the observed field. Observations were performed at a magnification Â 400.
Confocal Microscopy
At 5 days after cell seeding, a final concentration of 2 nmol/l of agrin (a gift from Dr T Maier, Myocontract, Basel, Switzerland) was added to each dish and the cultures were maintained at 371 for 16 h. A final concentration of 40 nmol/l of a-bungarotoxin (a-Bgtx) Texas Red s -X conjugate (Molecular Probes, Interchim, Montluçon, France) was then added and for 1 h at 371C. Cells were then fixed for 20 min with paraformaldehyde 3.7% in PBS at room temperature and examined by confocal microscopy. Texas Red s has an absorption wavelength of 598 nm and emits fluorescence at 613 nm.
nAChR Measurement by 125 
I-Specific Binding
To determine the number of nAChRs, dishes were randomly divided into two equal sets. The first set received 1 ml of culture medium containing 300 nmol/l of a-Bgt (Sigma, France), and all dishes received 125 I a-Bgt (Amersham Biosciences, Orsay, France) diluted in culture medium to give the final concentrations from 0.25 to 8 nmol/l. Cells were then incubated at 371C for 30 min. After three washes of the cell layers with PBS without Ca 2 þ -Mg 2 þ , 1 ml of NaOH 1 M was added to each dish. In a few seconds, the cells were in suspension and they were transferred in a 5 ml vial to determine the 125 I radioactivity in a g-counter. Specific binding was determined by subtracting the radioactivity bound after saturation of binding sites with cold a-Bgt (nonspecific binding obtained from the dishes with cold and radioactive toxin) from the total bound radioactivity (obtained from the dishes with only radioactive toxin). Scatchard analysis allowed to determine the total number of binding sites, that is, of nAChR, in fmol per mg cell protein and the K D in nmol/l reflecting the affinity of the toxin for its receptor. Proteins were assayed according to the method of Bradford. 32 The values of K D and B max were obtained using the Graphpad Prism 4 software.
Results
The aim of this study was to compare muscle cells of control individuals and SMA I, II or III patients in order to demonstrate abnormalities inherent to the muscular compartment, without any nerve element. All experiments were carried out in parallel for every type of donor and each condition was repeated in triplicate in independent cultures with different donors for statistical significance. Statistical analyses were performed by one way ANOVA with subsequent Fischer test.
Proliferation and Differentiation
Cells were seeded in conditions allowing fusion to occur. No difference could be highlighted between control and SMA I muscle cells in terms of proliferation (Figure 1a) . The number of cells increased in parallel between the two kinds of cells. In such conditions, the maximum fusion index was reached at day 5 (D5) with 55.777.6% of nuclei present in myotubes for control cells (Figure 1b) . No difference could be demonstrated between the fusion index of control, SMA III and SMA II cells (data not shown). In contrast, for cells from SMA I patients, the fusion index reached a maximum of 25.479.2% at D6. Fusion indices were significantly different between control and SMA I cells at D4, D5 and D6. This lack of fusion was obvious by inspection of the cultures (Figure 2a ). On D5, the cultures of control cells showed myotubes with numerous nuclei (arrowheads), whereas cultures from SMA I cells presented very few multinuclear structures. This lack of fusion cannot be attributed to a problem in the actin-myosin expression as both types of myotubes express the same level of actin and myosin (Figure 2b ). In conclusion, skeletal muscle cells from SMA I patients did not fuse normally.
Based on this result, the following experiments were performed when the fusion index was the highest, on D5.
nAChRs Aggregation
Myotube cultures were treated with soluble agrin and then with a-Bgtx Texas Red s -X conjugate. Observation of the cells by confocal microscopy showed that the agrin induces nAChR aggregates in control cells (Figure 3a ), but these clusters were not present or farless in the SMA I myotubes (Figure 3b ). We showed here that the fusion defect demonstrated in the previous experiments affected one of the earliest steps of the NMJ installation, the agrininduced nAChR clustering.
nAChR Number
The next question was to know whether the lack of aggregation was due to a defect in the aggregation process itself, or whether the myotubes from SMA I patients expressed fewer nAChR in comparison with the control ones. Accordingly, we performed a specific binding experiment on different types of myotube cultures. Scatchard analysis (Figure 4 ) allowed us to determine the apparent K D (reflecting the affinity) and the maximum binding (B max ) of aBgtx for nAChR. The affinity of a-Bgtx for its receptor was equivalent in each type of muscle cell. (Figure 5a) , no difference was observed between SMA III and SMA II myotubes compared to the control ones. The number of nAChR expressed by the myotubes of SMA I patients (B max ¼ 61.36727.56 fmol/mg prot) was significantly lower than those expressed by the control myotubes (B max ¼ 920.447352.7 fmol/mg protein). However, the level of expression of other proteins such as MuSK is not altered in SMA I myotubes with or without agrin treatment (Figure 5b) . GAPDH expression is the same in control or SMA I myotubes, suggesting a problem inherent to AChR expression itself.
In conclusion, the affinity of a-Bgtx for its receptor was shown to be equivalent for all types of muscle cells, but SMA I muscle cells expressed far fewer (at least 10-fold less) nAChRs than controls, which could explain reduced nAChR clustering observed by confocal microscopy.
Discussion
The NMJ is a highly specialized synapse, allowing contact between neurons and their target cells, the muscles. SMN protein may play an essential role in neuromuscular maturation, not only in neurite outgrowth but in the muscle component too. The SMN deficiency in neurons and muscles may each contribute to the pathogenesis of SMA. 33 In this study, we demonstrated that in the absence of any nerve component, muscle cells from SMA I patients presented abnormalities that may affect NMJ installation.
Nerve terminals contain vesicles that release acetylcholine molecules, which diffuse across the synaptic cleft and activate nAChRs in the muscle postsynaptic membrane. These receptors must be present at high density in the muscle component precisely in the opposite site of acetylcholine release from the nerve to ensure rapid and precise synaptic transmission. Thus, one of the earliest events in synapse formation is the clustering of the nAChRs that is under a tight temporal and spatial regulation. 34, 35 Previously, the nerve and its derivatives were thought to be the key actors of the postsynaptic differentiation, particularly the nAChRs clusters, but recently the muscle was also shown to play an essential role. 36 It was shown that nAChRs clustering could occur without motoneurons and that the muscles presented a prepatterning program able to induce nAChRs aggregation without any nerve component. 37 Agrin, a multidomain proteoglycan released by nerves, is responsible for clustering of pre-existing nAChRs. 24 Neural agrin is necessary to obtain functional synapses. This protein has numerous functions, including the redistribution of pre-existing nAChRs and the synthesis of nAChRs through its interaction with the neur- egulin-1. 38 Agrin interacts with numerous proteins including rapsyn, which represents a downstream regulator of nAChRs clustering 39 and the MuSK, a component of the agrin receptor. [40] [41] [42] It was shown that all of these proteins form a preassembled complex and that myotubes have the intrinsic ability to assemble the nAChR protein complex in the absence of motoneuron. 37 In response to agrin, MuSk undergoes autophosphorylation and the b subunit of the AChR is phosphorylated.
We performed this study on muscle cells from embryonic origin alone, without any nerve component, and showed intrinsic defects in these cells. We confirmed our previous data suggesting that the skeletal muscles were targets of the SMN defects in the SMA disease. In the first experiment, we showed that the myoblasts from SMA I patients had normal proliferation, but they did not fuse normally. They formed myotubes with a very few number of nuclei (Figures 1 and 2 ). The SMN protein seems to be necessary for the muscle cell differentiation, but the lack of SMN in SMA patients seems to have no consequence on cell proliferation. This finding confirms that the of myotubes of the SMA I patients are immature 43 and is consistent with a study showing that expression of myf-5, a member of the muscle-regulatory factor family, is abnormal in embryonic SMA myogenic cells. 20 Thus, myogenesis is not appropriately regulated in SMA, but the proteins involved in contraction, such as actin and myosin are normally expressed (Figure 2b) . A synchronized rate of muscle maturation with that of the motor activity is critical for the development of the NMJ. If maturation is slower in either motoneurons or muscles, the neuromuscular system will probably develop permanent damage. 44 The fact that muscle cells from SMA I patients are defective in nAChRs aggregation (Figure 3) proved that the NMJs could not be correctly installed and as this event occured very early in the development, confirmed that SMA is an embryo-fetal disease. We proved that this lack of aggregation was due to a lack of expression of the nAChR protein ( Figure 5 ), whereas the binding affinity remained unchanged. Moreover, the other protein important in the NMJ installation, MuSK, is not affected in SMA phenotype (Figure 5b) . Thus, only AChR expression is impaired in muscle cells from SMA I patients. Neuregulin-1 is a protein able to induce transcription of nAChR subunits in myotubes. 45 It might be interesting to associate neuregulin-1 with the soluble agrin in the experiment of agrin-induced nAchRs clustering and look for an eventual effect on nAChRs expression in the SMA I myotubes. It will also be necessary to study other proteins involved in the NMJ installation such as rapsyn. The lack of expression of nAChR could be related to a reduced number of motor units in SMA patients. 46 The muscle cells from SMA patients express lower levels of nAChRs, leading to a fewer number of motor units, but those that are present are more extended to counterbalance this phenomenon.
In conclusion, this study highlights reduced expression of the nAChR protein, which represents a very important defect inherent to the muscle cells of SMA I patients. This shows that in the earliest step of the NMJ installation, the muscle component in SMA I patients is defective, thus supporting its role in the pathogenesis of the disease. Future therapeutic efforts leading to restoration of the SMN protein level should consider this tissue as a candidate for SMA treatments.
